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Abstract 51 
In young and older people skeletal muscle mass is reduced after as little as seven days of disuse. 52 
The declines in muscle mass after such short periods are of high clinical relevance, particularly 53 
in older people who show higher atrophy rate, and a slower, or even a complete lack of muscle 54 
mass recovery after disuse. Ten men (24.3± 2.6 years) underwent 35 days of 6° head-down tilt 55 
bed rest followed by 30 days of recovery. During bed rest, a neutral energy balance was 56 
maintained, with three weekly passive physiotherapy sessions to minimise muscle soreness and 57 
joint stiffness. All measurements were performed in a hospital at days 1-10 (BR1-BR10), day 58 
16 (BR16), 28 (BR28) and 35 (BR35) of bed rest, and day 1 (R+1), 3 (R+3) and 30 (R+30) after 59 
reambulation. Vastus medialis obliquus (VMO), vastus medialis longus (VML) and biceps 60 
femoris (BF) thickness (d) and pennation angle (Θ) were assessed by ultrasonography, while 61 
twitch muscle belly displacement (Dm) and contraction time (Tc) were assessed with 62 
tensiomyography. After bed rest, d and Θ decreased by 13–17% in all muscles (P<.001) and 63 
had recovered at R+30. Dm was increased by 42.3–84.4% (P<.001) at BR35 and preceded the 64 
decrease in d by 7, 5 and 3 days in VMO, VML and BF, respectively. Tc increased only in BF 65 
(32.1%; P<.001) and was not recovered at R+30. Tensiomyography can detect early bed-rest-66 
induced changes in muscle with higher sensitivity before overt architectural changes and 67 
atrophy can be detected. 68 
Key words: tensiomyography, contraction time, skeletal muscle, rehabilitation, ageing 69 
New & Noteworthy: Detection of early atrophic processes and irreversible adaptation to disuse 70 
is of high clinical relevance. Using Tensiomyography we detected early atrophic processes 71 
before overt architectural changes and atrophy can be detected using imaging technique. 72 
Furthermore, Tensiomyography detected irreversible changes of biceps femoris contraction 73 
time.   74 
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Introduction 75 
Hospitalization due to injury or disease can lead to a period of forced inactivity. In those 76 
conditions skeletal muscle disuse is followed by atrophy, which in turn implies loss of 77 
contractile performance and metabolic dysregulation(30). Microgravity during space flight and 78 
the experimental models of disuse have a similar impact on muscle mass and function. Studies 79 
in young adults documented that skeletal muscle mass and strength are reduced after as little as 80 
seven days of spaceflight(20, 26) or bed rest(12) and continue to decline with the length of 81 
exposure(1). Declines in muscle mass and function after such short periods are of high clinical 82 
relevance to most patients who are, on average, hospitalized for <7 days(15). The disuse-83 
induced loss of muscle mass is particularly relevant for elderly who show higher atrophy after 84 
14-day bed rest and a much slower recovery or even complete lack of recovery for at least 14 85 
days afterwards (33, 36). Therefore, there is a substantial need to develop methods to detect 86 
early stages of muscle atrophy related processes.  87 
Evidences exist that muscle atrophy is not symmetrical throughout the muscle mass. 88 
Antigravity muscles show the greatest atrophy, and distal muscles atrophy more than proximal 89 
muscles(8). In addition, muscles with different functional roles across different joints and even 90 
muscles across the same joint may respond differently to unloading(3, 8). Rehabilitation 91 
programmes and assessments after any period of disuse should thus primarily focus on postural 92 
muscles and, at the same time, not overlook the non-postural muscles(8, 49). 93 
At the human single muscle fibre level, evidence suggests that type I fibres depict stronger 94 
atrophy in bed rest than type II muscle fibres both after bed rest(6, 7) and spaceflight(17). 95 
Furthermore, there is a slow-to-fast myosin isoform transition after bed rest(31, 45) and 96 
spaceflight(50) that would result in faster contractile properties of the muscle, which will be 97 
accentuated by an increase in maximal shortening velocity of both type I and II muscle fibres 98 
after 17-day bed rest(48) and 17-day spaceflight(47). The latter effect seems reversed after 99 
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42(25) and 84 days bed rest(45), as well as after 180 days spaceflight(17). At the whole muscle 100 
level it has been reported that the time to peak twitch isometric tension of the triceps surae 101 
muscles was increased by 13%, indicating a slowing of the musculotendinous system after 120 102 
days of bed rest(22). However, in this latter case, this was attributable to reduced tendon 103 
stiffness and increased muscle-tendon passive elasticity(23, 35), and thus not due to alterations 104 
in muscle contractile properties.  105 
While ultrasound provides a reliable and non-invasive tool to follow structural changes of 106 
skeletal muscle during disuse, functional assessment of e.g. twitch torque requires specialised 107 
equipment and may not always be possible in bed ridden patient(21, 34, 38, 39, 41). To 108 
overcome this problem, relatively simple and low cost mechanomyographic methods were 109 
developed, where for instance Tensiomyography (TMG) allows for non-invasive and 110 
reliable(38, 44) estimation of contraction time (Tc), selectively in superficial muscle heads. 111 
This method can estimate the percentage of type I myosin heavy chain at least in the vastus 112 
lateralis (VL) muscle(39), and possibly also in other muscles. There is a clear distinction 113 
between results obtained from witch torque and TMG. For example, the Tc is 42.7% shorter 114 
when estimated from TMG than from twitch torque(21). This indirectly confirms that TMG 115 
gives better insights to the muscle contractility as it is less affected by the surrounding 116 
tissues(16, 21). 117 
Using TMG, it was found that after 35 days of bed rest there was no change in Tc of the vastus 118 
medialis, but an increased Tc in gastrocnemius medialis muscle(34). The authors did, however, 119 
report that the TMG amplitude (Dm) was increased in both muscles, and that for gastrocnemius 120 
medialis the change in Dm was negatively correlated to the change in thickness (r=-.70). The 121 
Dm increase in both muscles in the abovementioned study may indicate a lower muscle resting 122 
tension and, possibly, decreased visco-elasticity(16). 123 
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While TMG detects changes after a prolonged disuse period(34), nothing is known about the 124 
possibility to adopt this method to follow initial and early changes in the adaptive response of 125 
muscle to disuse, before overt measurable atrophy. Therefore, the aim of our study was to assess 126 
1) the time course of changes in muscle architecture and TMG parameters during 35 days bed 127 
rest and the following 30 days supervised recovery in young men, and 2) whether TMG is able 128 




Ten healthy men (age: 24.3±2.6 years, Table 1) with no history of neuromuscular or 133 
cardiovascular disorders participated in our study. The study was approved by the Slovenian 134 
National Medical Ethics Committee (approval number 72/06/08). All participants were fully 135 
informed about the study procedures and the possible health risks of study participation. 136 
Routine medical and laboratory analyses were performed to exclude participants with chronic 137 
diseases. None of the subjects regularly took any medication. From all participants written 138 
informed consent was obtained prior the study. All procedures were in accordance with the 139 
ethical standards laid down in the 1964 Declaration of Helsinki and its amendments.  140 
 141 
<< Insert Table 1 >> 142 
 143 
Experimental design 144 
The bed rest study was conducted in the Orthopaedic hospital of Valdoltra under medical 145 
supervision. Participants arrived a week before the bed rest and were asked to visit the 146 
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laboratory on several occasions to become familiar with testing procedures. All baseline data 147 
were collected (BDC) 1 day before the start of bed rest. After BDC, participants went through 148 
35 days 6° head-down tilt bed rest followed by 30 days of supervised recovery. Subsequent 149 
measurements were performed at days 1-10 (BR1-BR10), day 16 (BR16), 28 (BR28) and 35 150 
(BR35) of bed rest, and day 1 (R+1), 3 (R+3) and 30 (R+30) after completion of bed rest. During 151 
recovery, a fitness professional was available and all participants received written recovery 152 
instructions. Recovery consisted of 12 sessions (3 sessions/week). Each session lasted about 60 153 
minutes and consisted of a 10-min warm-up, 5 min active stretching, followed by 20 min 154 
strength and balance exercises and 20 min aerobic exercises and a 5-min cool-down.  155 
During bed rest, the participants received three weekly passive physiotherapy sessions to 156 
minimise muscle soreness and joint stiffness. Each participant received a weight-maintaining 157 
diet with an energy content of 1.4 and 1.2 times his resting energy expenditure, calculated using 158 
the FAO/WHO equations(29), for the pre-bed rest and bed rest period, respectively(5). The diet 159 
contained 60% of energy as carbohydrate, 25% as fat and 15% as protein. Six meals were 160 
administered daily: 3 main meals (breakfast, lunch and dinner) and 3 snacks. Subjects were 161 




Muscle architecture was determined at rest with B-mode ultrasonography (Mylab 25, 13-4 166 
MHz, linear array transducer probe LA523, Esaote Biomedica, Geneva, Italy). Biceps femoris 167 
(BF) scans were taken with the participant prone and with a knee angle set at 5° flexion with 168 
foam pads. The BF measuring site was halfway between the ischial tuberosity and the posterior 169 
knee joint fold, along the line of the BF long head. Vastus medialis obliquus (VMO) scans were 170 
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obtained supine at a knee angle set at 30° flexion with foam pads. The VMO measuring site 171 
was at the midpoint of the line from the patella to the VMO innervation point. The vastus 172 
medialis longus (VML) scans were obtained supine at 30° knee flexion at the midpoint of the 173 
line from the patella to the VML innervation point. The VMO and VML innervation points 174 
were detected using monophasic tetanic stimulation (impulse width 0.1 ms; frequency 10 Hz). 175 
To ensure that all subsequent ultrasound measurements were taken at the same anatomical 176 
location, the ultrasound probe was positioned in the midsagittal plane, orthogonal to the 177 
mediolateral axis, and its positioning was marked on acetate paper using moles and small 178 
angiomas as reference points. 179 
For each muscle, three scans were obtained. Thickness (d in mm) and pennation angle (Θ in °) 180 
were measured using Matlab (Matlab, The MathWorks Inc., USA). In each scan, the fascicular 181 
path was determined as the interspaces between echoes coming from the perimysial tissue 182 
surrounding the fascicle. Muscle thickness was defined as the shortest distance between the 183 
deep and superficial aponeuroses. Pennation angle was defined as the angle between the fascicle 184 
pathway and the deep aponeurosis of the muscle. The average values for each architecture 185 
parameter of three scans was used for further analysis 186 
 187 
Tensiomyography 188 
Tensiomyography (TMG) was assessed in the same muscles at the same body positions and at 189 
the same measurement sites as ultrasound scans. TMG measurements were performed during 190 
electrically-evoked maximal isometric contractions. A single 1-ms maximal monophasic 191 
electrical impulse was used to elicit a twitch contraction that caused the muscle belly to 192 
oscillate. These oscillations were recorded using a sensitive digital displacement sensor (TMG-193 
BMC Ltd., Ljubljana, Slovenia) that was placed on the surface of the skin at the measuring site 194 
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of the muscle of interest. Initially, the stimulation amplitude was set just above the threshold 195 
and then gradually increased until the amplitude of the radial twitch displacement (Dm in mm) 196 
increased no further. Electrical pulses ranged between 85 and 110 milliamperes at constant 30 197 
volts. From two maximal twitch responses, also contraction time (Tc in ms) was calculated 198 
(Figure 1) as the time for the amplitude to increase from 10% to 90% of Dm (Figure 1)(39, 42). 199 
Furthermore, the velocity of radial displacement (Vr) was calculated by dividing .8·Dm with 200 
Tc(37). 201 
 202 
<< Insert Figure 1 here >> 203 
 204 
Statistics 205 
SPSS (IBM Ltd., USA) software was used for all statistical analyses. All data in text and tables 206 
are presented as mean ± standard deviation, while in figures standard errors were used. Visual 207 
inspection and the Shapiro-Wilk test indicated that all data were normally distributed. 208 
Sphericity (homogeneity of covariance) was verified by the Mauchly’s test. When the 209 
assumption of sphericity was not met, the significance of the F-ratios was adjusted according 210 
to the Greenhouse-Geisser procedure. Main effects were studied with a General Linear Model 211 
repeated-measures ANOVA with time (BDC, BRi, R+j; where i = 1-10, 16, 28, 35 and j = 1, 3, 212 
30) and muscle (VMO, VML, BF) as within factors. If a significant time x muscle interaction 213 
was found, the analysis was repeated with relative data representing percent change from BDC, 214 
to exclude any bias related to e.g. a difference in muscle thickness at BDC between muscles. 215 
Where significant time, muscle and interaction time x muscle effects were found, post-hoc 216 
analysis with Bonferroni corrections was used to locate the differences in time (p’ = p/16; where 217 
16 is the number of comparisons to the BDC value) for each muscle. Pearson regression analysis 218 
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was used to correlate changes during bed rest (Δ(BDC-BR35)) in Tc and Dm to changes in 219 
muscle architecture. Statistical significance was accepted at p≤.05. The effect size for 220 
dependent variables was given as partial eta-squared (ɳ2). 221 
 222 
Results 223 
The variations in muscle structure as determined by ultrasonography and of muscle contractile 224 
function as measured with TMG are reported in Figure 2. Skeletal muscle thickness changed 225 
during the study (P<.001; η2=.865; Figure 2A). Specifically, thickness declined progressively 226 
by 4.5% at BR7 (P=.048) to 15.2% at BR35 (P<.001), and recovered to BDC thickness at R+30 227 
(P=.22). The absence of a time x muscle interaction (P=.50), indicates that the % changes in 228 
muscle thickness during bed rest and recovery did not differ significantly between muscles. 229 
The time x muscle interaction (P<.001; η2=.938) for Θ indicates that the changes in Θ over time 230 
differed between the three muscles. While the time course was qualitatively similar for the three 231 
muscles (P<.001; η2=.592; Figure 2B), post-hoc analysis revealed that in the VMO Θ was first 232 
significantly decreased at BR6 (13.6%; P=.033), while in VML and BF it was already decreased 233 
at BR2 (5.5%; P=.037) and BR3 (7.4%; P=.019), respectively, interestingly at smaller decrease 234 
due to lower variance. In VMO and VML Θ had recovered to BDC at R+30 (P>.05) while in 235 
BF it was already recovered at R+3 (P=.32). 236 
Two parameters characterize the TMG signal, the Dm and Tc, as well as the ratio between them, 237 
the Vr. The muscle x time interaction for Dm (P<.001; η2=.186) indicates that the changes in 238 
Dm during the study (P<.001; η2=.782; differed between the three muscles (Figure 2C). While 239 
the time course was qualitatively similar for the muscles, the magnitude of the rise in Dm was 240 
larger in the VML (84.4%) and BF (75.6%) than in the VMO (42.3%) at BR35 (P=.013; 241 
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η2=.381). Dm increased already after BR1, BR4 and BR6 in VMO, VML and BF, respectively, 242 
and had returned to BDC at R+3 (P=.050). 243 
The muscle x time interaction for Tc (P<.001; η2=.255) indicates that the changes in Tc during 244 
the study (P<.001; η2=.397; Figure 2D) differed between the three muscles. Post-hoc analysis 245 
revealed that Tc of the VMO did not change significantly during bed rest and recovery (P=.35), 246 
while the Tc of the VML (P<.001; η2=.300) and BF (P<.001; η2=.393) did change. We were 247 
unable to locate the difference with post-hoc tests in the VML. In the BF we found an increased 248 
Tc at BR7 (23.6% P=.043), being highest at R+1 (39.3%; P=.013). BF Tc did not return to the 249 
BDC value even at R+30 (26.4%; P=.041). 250 
The muscle x time interaction for Vr (P<.001; η2=.283) indicates that the changes in Vr during 251 
the study (P<.001; η2=.733; Figure 2E) differed between the three muscles. We found 252 
differences in Vr at BDC (P=.017), where Vr was slowest in BF in comparison to VM muscles 253 
(P=.014). Furthermore, post-hoc analysis revealed that Vr of the VMO, VML and BF increased 254 
during bed rest for 40.7% (P<.001; η2=.609) after BR9, for 74.6% (P<.001; η2=.679) after BR6 255 
and for 36.1% (P<.001; η2=.418) after BR16, respectively. In all muscles Vr returned to BDC 256 
at R+1. 257 
 258 
<< Insert Figure 2 here >> 259 
 260 
The contractile parameters measured with TMG and the structural parameters measured with 261 
ultrasonography revealed correlations (Figure 3). Changes in muscle thickness and Dm between 262 
BDC and BR35 were negatively correlated. This negative correlation was significant in the BF 263 
(P=.001), but not in the VMO (P=.09) and VML (P=.06). There was also a positive correlation 264 
between Dm and Θ in VMO (P=.008) and VML (P=.050). 265 
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 266 
<< Insert Figure 3 here >> 267 
 268 
Changes in Tc did not correlate significantly with changes in any of the architectural parameters 269 
(data not shown). 270 
 271 
Discussion 272 
Thirty-five days of 6° head-down bead rest induced a similar degree of atrophy (reduction in 273 
thickness) across all three muscles  that had recovered 30 days after completion of bed rest. The 274 
atrophy was accompanied by a reduction in Θ that returned to baseline levels as soon as 3 days 275 
after cessation of bed rest. While the degree of atrophy became significant only after 7 days of 276 
bed rest, the increase in Dm was significant as soon as 1, 4 and 6 days after initiation of bed 277 
rest in the VMO, VML and BF, respectively. This suggests that Dm determined by TMG can 278 
be used to non-invasively and easily detect early hallmarks of the atrophy process, before overt 279 
atrophy was measurable by ultrasound. 280 
After 35 days bed rest the muscle thickness was decreased by 16-23%, which is similar to the 281 
amount of atrophy seen in other studies(2, 4, 8, 28). In contrast to other studies(2, 4, 8, 28), we 282 
did not observe differences in the relative degree of atrophy between muscles. The discrepancy 283 
between these studies and ours may well be related to the range of muscles studied, where we 284 
assessed the bed-rest-induced changes only in the thigh, where others have compared the thigh 285 
muscles with muscles in the lower leg that atrophied more. It is likely that this difference in 286 
bed-rest-induced decreases in muscle mass between muscles is related to a larger reduction in 287 
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recruitment of lower leg than thigh muscles during bed rest. As expected, the atrophy was 288 
accompanied by a decline in Θ in all muscles as was previously also demonstrated(8). 289 
Similar to a previous study we found that in all muscles Dm was increased by 35 days of bed 290 
rest though the increase in the present study was more pronounced than in that study using 291 
horizontal bed rest(34). This suggests that the fluid shift, away from the legs towards the head 292 
somehow affects the atrophy-induced increase in Dm. The fluid shift may also contribute to the 293 
observation that Dm was already elevated after as little as 24 hours of bed rest, before any overt 294 
architectural changes and muscle atrophy had taken place. In addition, the magnitude of Dm 295 
increase was between 42 and 84% after 35 days head-down tilt bed-rest and exceeded the 296 
atrophy that ranged between 16 and 23%. Another indicator that the fluid shift may play an 297 
important role in the increase in Dm with bed rest, is the almost instantaneous return of Dm 298 
after cessation of bed rest (at R+3), again before any significant architectural and muscle mass 299 
recovery had taken place (at R+30, except Θ in BF at R+3). How the fluid shift affects these 300 
changes is a matter of further research, but one might speculate that Dm may also be applicable 301 
to assess the hydration status of the muscle.  302 
It is possible that fluid shifts out of the muscle may increase Dm by decreasing the 303 
viscoelasticity of the muscle-tendon tissue and decrease in muscle tone, resulting a larger 304 
bulging of the muscle in response to an identical electrical stimulus. The fluid shift from 305 
extremities to the chest can amount to a 4.4% decrease in extracellular fluid content that is 306 
particularly attributable to a loss of interstitial volume by 3% in parallel with a 12.3% reduction 307 
in plasma volume in just 4 days(19). After the 4th day of bed rest plasma volume continues to 308 
decrease, but at a much slower rate(19). Later also intracellular fluid loss can occur that then 309 
parallels muscle atrophy(19).  310 
Also dry immersion induces an increase in Dm and decrease muscle-tendon viscoelasticity(10, 311 
24), that is at least partly attributable to a similar fluid shift away from the muscles. A decrease 312 
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in muscle tone, which occurs as early as after 1 day of dry immersion, may further contribute 313 
to the increased Dm after 3 days of dry immersion(10) and after 20 days of bed rest(24). Such 314 
changes have indeed been observed to translate into higher transversal muscle oscillations 315 
during voluntary and electrically-evoked contractions(27). 316 
Recent data show that merely a few days (e.g. 5-7 days) of disuse substantially reduce skeletal 317 
muscle mass(11, 13), with a slower recovery rate in seniors than in young adults(33, 43). As a 318 
consequence, it has been suggested that the accumulation of such short (<10 days), successive 319 
periods of bed rest or immobilization during short-term illness or hospitalisation may contribute 320 
to the loss of muscle mass and metabolic decline observed throughout life(14, 46). Given this 321 
slow recovery in the older person, and being more prone to hospitalisation, it is important to 322 
minimise, or even prevent, any atrophy. Identification of early functional and structural markers 323 
of muscle deconditioning may help in designing adequate interventions to slow such atrophy 324 
even before it becomes overt, and assess the success of an intervention to prevent atrophy(10). 325 
Our data show that Dm may be such a functional marker, a parameter that can be determined 326 
with high reproducibility(38, 44).  327 
Bed rest did not induce a significant change in the Tc in the VMO, but did induce an increase 328 
in the Tc in the VML and BF muscles. That observed increase was much more pronounced for 329 
BF, where Tc also did not recover until 30 days after bed rest. Previously we found a positive 330 
correlation between Tc and the MHC-I proportion in VL(39), and given that disuse is often 331 
associated with a slow MHC-I to fast MHC-IIx transition, the correlation may not apply to 332 
disused muscles, where for instance a decreased visco-elasticity may have a larger, and opposite 333 
to, effect than the myosin heavy chain transition. However, the velocity of radial displacement 334 
(Vr) increased in all muscles resulting from increased Dm and: (i) unchanged Tc in VMO, (ii) 335 
slightly increased Tc in VML; and (iii) substantially increased Tc in BF. Although Vr should 336 
not be paralleled to the contractile velocity of the whole muscle it is evident that Vr is sensitive 337 
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to muscle disuse as well as to assess peripheral fatigue after training(32) or peripheral arterial 338 
disease(18). However, further research is needed for the interpretation of Vr changes. Whatever 339 
the explanation, the data are analogous to the lower TMG-derived Tc in children and adults 340 
who participated regularly in sports(40, 42), or high-speed plyometric exercise(51). Indeed, 341 
when compared to previously published data, the magnitude of the increase in Tc after 35 days 342 
bed rest was comparable to or even more pronounced than that of sedentary 343 
childhood/adolescence or sedentary ageing (Table 2). 344 
The increase in Tc in the BF following bed rest may have significant implications as it has been 345 
observed that a lower Tc correlated to higher vertical jump(51). The increase in Tc following 346 
bed rest in the BF, that was found also in seniors(42) may thus have significant clinical 347 
implications for the quality of life after hospitalisation. Therefore Tc of the BF is a parameter, 348 
like Dm, of special interest in assessing the efficacy of therapeutical interventions of people 349 
going through any kind of disuse, especially in the older population(33, 43). 350 
 351 
<< Insert Table 2 >> 352 
 353 
Conclusions/Relevance 354 
In conclusion, our study showed that TMG can be used to detect early bed-rest-induced muscle 355 
dysfunction, before overt atrophy and atrophy-associated architectural changes can be detected 356 
with ultrasound. It remains to be seen whether such early changes are a result of the fluid shift 357 
away from muscle during head-down bed rest and/or is a reflection of structural bed-rest 358 
induced changes. Future studies in horizontal bed rest or unilateral limb suspension may shed 359 
light on the role of fluid shifts in TMG parameters. If no such changes are observed in such a 360 
model it is probably worthwhile to assess whether TMG can be used as clinical diagnostic tool 361 
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for atrophy and/or to assess the hydration status, something particularly important in older 362 
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Table 1: Anthropometric data of participants. 373 
 BDC BR35 R+30 P (η2) 
N 10    
Body height / m 1.78±6.5 1.78±6.51 1.78±6.6 .92 
Body mass / kg 75.3±9.3 72.2±8.7‡ 74.8±8.2 <.001 (.709) 
Fat mass / kg 15.8±3.6 15.7±3.2 14.4±2.6† .003 (.470) 
Body mass index / kg/m2 23.7±1.9 22.7±1.7‡ 23.6±1.7 <.001 (.700) 
Values are means ± SD; BDC: Before bed rest; BR35: 35 days bed rest; R+30: after 30 days 374 
recovery; 1 body height was measured 12 hours after reambulation; * P<.05; † P<.01; ‡ P<.001 375 
significantly different from BDC. 376 
  377 
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Table 2: Biceps femoris contraction time of men: data from different populations/studies. 378 
Population N Contraction time / ms Reference 
Children and adolescents 
10 years – pooled 
14 years – pooled 
14 years – sedentary group 







30.8 ± 5.0 
31.9 ± 6.3 
35.3 ± 9.1 
30.7 ± 6.1 
(40) 
Adults (24 years) 
Before bed rest 
After 35-day bed rest 
After 30-day re-training 
10  
28.3 ± 7.4 
36.1 ± 6.1 
34.7 ± 6.9 
This study 
Adults, students (22 years) 
Before plyometrics 
After 8 weeks of plyometrics 
20  
30.6 ±7.7 
24.7 ± 5.9 
(51) 
Adults and seniors 
35-49 years – power master athletes 
35-49 years – sedentary group 
35-49 years – endurance master athletes 
50-64 years – power master athletes 
50-64 years – sedentary group 
50-64 years – endurance master athletes 
65+ years – power master athletes 
65+ years – sedentary group 












26.6 ± 7.0 
33.5 ± 7.0 
41.0 ± 8.5 
34.3 ± 8.9 
41.5 ± 11.4 
40.1 ± 6.5 
38.9 ± 9.0 
44.3 ± 9.2 
53.4 ± 10.5 
(42) 
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Values are means ± SD 380 
  381 
21 | P a g e  
 
Literature 382 
1.  Adams GR, Caiozzo VJ, Baldwin KM. Skeletal muscle unweighting: spaceflight and 383 
ground-based models. J Appl Physiol 95: 2185–2201, 2003. 384 
2.  Alkner BA, Tesch PA. Efficacy of a gravity-independent resistance exercise device as 385 
a countermeasure to muscle atrophy during 29-day bed rest. Acta Physiol Scand 181: 386 
345–357, 2004. 387 
3.  Belavý DL, Miokovic T, Armbrecht G, Richardson CA, Rittweger J, Felsenberg 388 
D. Differential atrophy of the lower-limb musculature during prolonged bed-rest. Eur J 389 
Appl Physiol 107: 489–499, 2009. 390 
4.  Belavý DL, Ohshima H, Rittweger J, Felsenberg D. High-intensity flywheel exercise 391 
and recovery of atrophy after 90 days bed--rest-. BMJ Open Sport Exerc Med 3: 392 
e000196, 2017. 393 
5.  Biolo G, Agostini F, Šimunič B, Sturma M, Torelli L, Preiser JC, Deby-Dupont G, 394 
Magni P, Strollo F, Di Prampero P, Guarnieri G, Mekjavič IB, Pišot R, Narici M 395 
V. Positive energy balance is associated with accelerated muscle atrophy and increased 396 
erythrocyte glutathione turnover during 5 wk of bed rest. Am J Clin Nutr 88: 950–958, 397 
2008. 398 
6.  Blottner D, Bosutti A, Degens H, Schiffl G, Gutsmann M, Buehlmeier J, Rittweger 399 
J, Ganse B, Heer M, Salanova M. Whey protein plus bicarbonate supplement has 400 
little effects on structural atrophy and proteolysis marker immunopatterns in skeletal 401 
muscle disuse during 21 days of bed rest. [Online]. J Musculoskelet Neuronal Interact 402 
14: 432–44, 2014. http://www.ncbi.nlm.nih.gov/pubmed/25524969. 403 
7.  Blottner D, Salanova M, Püttmann B, Schiffl G, Felsenberg D, Buehring B, 404 
22 | P a g e  
 
Rittweger J. Human skeletal muscle structure and function preserved by vibration 405 
muscle exercise following 55 days of bed rest. Eur J Appl Physiol 97: 261–271, 2006. 406 
8.  de Boer MD, Seynnes OR, di Prampero PE, Pišot R, Mekjavić IB, Biolo G, Narici 407 
M V. Effect of 5 weeks horizontal bed rest on human muscle thickness and architecture 408 
of weight bearing and non-weight bearing muscles. Eur J Appl Physiol 104: 401–407, 409 
2008. 410 
9.  Degens H, Wüst RCI. Water: The fountain of strength. Acta Physiol. ( June 21, 2018). 411 
doi: 10.1111/apha.13153. 412 
10.  Demangel R, Treffel L, Py G, Brioche T, Pagano AF, Bareille MP, Beck A, 413 
Pessemesse L, Candau R, Gharib C, Chopard A, Millet C. Early structural and 414 
functional signature of 3-day human skeletal muscle disuse using the dry immersion 415 
model. J Physiol 595: 4301–4315, 2017. 416 
11.  Dirks ML, Wall BT, Snijders T, Ottenbros CLP, Verdijk LB, Van Loon LJC. 417 
Neuromuscular electrical stimulation prevents muscle disuse atrophy during leg 418 
immobilization in humans. Acta Physiol 210: 628–641, 2014. 419 
12.  Dirks ML, Wall BT, Van De Valk B, Holloway TM, Holloway GP, Chabowski A, 420 
Goossens GH, Van Loon LJ. One week of bed rest leads to substantial muscle 421 
atrophy and induces whole-body insulin resistance in the absence of skeletal muscle 422 
lipid accumulation. Diabetes 65: 2862–2875, 2016. 423 
13.  Dirks ML, Wall BT, van de Valk B, Holloway TM, Holloway GP, Chabowski A, 424 
Goossens GH, van Loon LJC. One Week of Bed Rest Leads to Substantial Muscle 425 
Atrophy and Induces Whole-Body Insulin Resistance in the Absence of Skeletal 426 
Muscle Lipid Accumulation. Diabetes 65: 2862–2875, 2016. 427 
23 | P a g e  
 
14.  English KL, Paddon-Jones D. Protecting muscle mass and function in older adults 428 
during bed rest. Curr Opin Clin Nutr Metab Care 13: 34–9, 2010. 429 
15.  Eurostat. Hospital discharges and length of stay statistics [Online]. Stat. Explain. 430 
Hosp. discharges length Stay Stat.: 2017. http://ec.europa.eu/eurostat/statistics-431 
explained/index.php/Hospital_discharges_and_length_of_stay_statistics [4 May 2018]. 432 
16.  Evetovich TK, Housh TJ, Stout JR, Johnson GO, Smith DB, Ebersole KT. 433 
Mechanomyographic responses to concentric isokinetic muscle contractions. Eur J 434 
Appl Physiol Occup Physiol 75: 166–169, 1997. 435 
17.  Fitts RH, Trappe SW, Costill DL, Gallagher PM, Creer AC, Colloton PA, Peters 436 
JR, Romatowski JG, Bain JL, Riley DA. Prolonged space flight-induced alterations 437 
in the structure and function of human skeletal muscle fibres. J Physiol 588: 3567–438 
3592, 2010. 439 
18.  Gasparini M, Sabovic M, Gregoric ID, Simunic B, Pisot R. Increased fatigability of 440 
the gastrocnemius medialis muscle in individuals with intermittent claudication. Eur. J. 441 
Vasc. Endovasc. Surg. (2012). doi: 10.1016/j.ejvs.2012.04.024. 442 
19.  Greenleaf JE, Stinnett HO, Davis GL, Kollias J, Bernauer EM. Fluid and 443 
electrolyte shifts in women during +Gz acceleration after 15 days’ bed rest. J Appl 444 
Physiol 42: 67–73, 1977. 445 
20.  Grigoryeva, LS; Kozlovskaya I. Effect of weightlessness and hypokinesis on velocity 446 
and strength properties of human muscles. Kosm Biol I Aviakosmicheskaya Meditsina 447 
21: 27–30, 1987. 448 
21.  Koren K, Šimunič B, Rejc E, Lazzer S, Pišot R. Differences between skeletal muscle 449 
contractile parameters estimated from transversal tensiomyographic and longitudinal 450 
24 | P a g e  
 
torque twitch response. Kinesiology 47: 19–26, 2015. 451 
22.  Koryak Y. Contractile properties of the human triceps surae muscle during simulated 452 
weightlessness. Eur J Appl Physiol Occup Physiol 70: 344–350, 1995. 453 
23.  Kubo K, Akima H, Ushiyama J, Tabata I, Fukuoka H, Kanehisa H, Fukunaga T. 454 
Effects of resistance training during bed rest on the viscoelastic properties of tendon 455 
structures in the lower limb. Scand J Med Sci Sport 14: 296–302, 2004. 456 
24.  Kubo K, Akima H, Ushiyama J, Tabata I, Fukuoka H, Kanehisa H, Fukunaga T. 457 
Effects of 20 days of bed rest on the viscoelastic properties of tendon structures in 458 
lower limb muscles. Br J Sports Med 38: 324–330, 2004. 459 
25.  Larsson L, Li X, Berg HE, Frontera WR. Effects of removal of weight bearing 460 
function on contractility and myosin isoform composition in single human skeletal 461 
muscle cells. Pflugers Arch Eur J Physiol 432: 320–328, 1996. 462 
26.  LeBlanc A, Rowe R, Schneider V, Evans H, Hedrick T. Regional muscle loss after 463 
short duration spaceflight. Aviat Sp Environ Med 66: 1151–1154, 1995. 464 
27.  Longo S, Cè E, Rampichini S, Devoto M, Limonta E, Esposito F. 465 
Mechanomyogram amplitude correlates with human gastrocnemius medialis muscle 466 
and tendon stiffness both before and after acute passive stretching. Exp Physiol 99: 467 
1359–1369, 2014. 468 
28.  Miokovic T, Armbrecht G, Felsenberg D, Belavý DL. Differential atrophy of the 469 
postero-lateral hip musculature during prolonged bedrest and the influence of exercise 470 
countermeasures. J Appl Physiol 110: 926–934, 2011. 471 
29.  Müller MJ, Bosy-Westphal A, Klaus S, Kreymann G, Lührmann PM, Neuhäuser-472 
Berthold M, Noack R, Pirke KM, Platte P, Selberg O, Steiniger J. World Health 473 
25 | P a g e  
 
Organization equations have shortcomings for predicting resting energy expenditure in 474 
persons from a modern, affluent population: generation of a new reference standard 475 
from a retrospective analysis of a German database of resting energy expe. Am J Clin 476 
Nutr 80: 1379–1390, 2004. 477 
30.  Narici M V., De Boer MD. Disuse of the musculo-skeletal system in space and on 478 
earth. Eur J Appl Physiol 111: 403–420, 2011. 479 
31.  Ohira Y, Yoshinaga T, Ohara M, Nonaka I, Yoshioka T, Yamashita-Goto K, 480 
Shenkman BS, Kozlovskaya IB, Roy RR, Edgerton VR. Myonuclear domain and 481 
myosin phenotype in human soleus after bed rest with or without loading. J Appl 482 
Physiol 87: 1776–1785, 1999. 483 
32.  De Paula Simola R, Harms N, Raeder C, Kellmann M, Meyer T, Pfeiffer M, 484 
Ferrauti A. Assessment of neuromuscular function after different strength training 485 
protocols using tensiomyography. J. Strength Cond. Res. (2015). doi: 486 
10.1519/JSC.0000000000000768. 487 
33.  Pišot R, Marušič U, Biolo G, Mazzucco S, Lazzer S, Grassi B, Reggiani C, Toniolo 488 
L, di Prampero PE, Passaro A, Narici M V., Mohammed S, Rittweger J, 489 
Gasparini M, Gabrijelčič Blenkuš M, Šimunič B. Greater loss in muscle mass and 490 
function but smaller metabolic alterations in older compared with younger men 491 
following 2 wk of bed rest and recovery. J Appl Physiol 120: 922–929, 2016. 492 
34.  Pišot R, Narici M V., Šimunič B, De Boer M, Seynnes O, Jurdana M, Biolo G, 493 
Mekjavič IB. Whole muscle contractile parameters and thickness loss during 35-day 494 
bed rest. Eur J Appl Physiol 104: 409–414, 2008. 495 
35.  Reeves ND. Influence of 90-day simulated microgravity on human tendon mechanical 496 
properties and the effect of resistive countermeasures. J Appl Physiol 98: 2278–2286, 497 
26 | P a g e  
 
2005. 498 
36.  Rejc E, Floreani M, Taboga P, Botter A, Toniolo L, Cancellara L, Narici M V., 499 
Šimunič B, Pišot R, Biolo G, Passaro A, Rittweger J, Reggiani C, Lazzer S. Loss of 500 
maximal explosive power of lower limbs after 2 weeks of disuse and incomplete 501 
recovery after retraining in older adults. J Physiol 596: 647–665, 2018. 502 
37.  Rodríguez-Ruiz D, Diez-Vega I, Rodríguez-Matoso D, Fernandez-Del-Valle M, 503 
Sagastume R, Molina JJ. Analysis of the response speed of musculature of the knee 504 
in professional male and female volleyball players. Biomed Res. Int. (2014). doi: 505 
10.1155/2014/239708. 506 
38.  Šimunič B. Between-day reliability of a method for non-invasive estimation of muscle 507 
composition. J Electromyogr Kinesiol 22: 527–530, 2012. 508 
39.  Šimunič B, Degens H, Rittweger J. Noninvasive Estimation of Myosin Heavy Chain 509 
Composition in Human Skeletal Muscle. Med Sci Sport Exerc Sport Exerc d: 27–30, 510 
2011. 511 
40.  Šimunič B, Degens H, Završnik J, Koren K, Volmut T, Pišot R. Tensiomyographic 512 
Assessment of Muscle Contractile Properties in 9- to 14-Year Old Children. Int J 513 
Sports Med 38: 659–665, 2017. 514 
41.  Šimunič B, Križaj D, Narici M V., Pišot R. Twitch parameters in transversal and 515 
longitudinal biceps brachii response. Ann Kinesiol 1: 61–80, 2010. 516 
42.  Šimunic B, Pišot R, Rittweger J, Degens H. Age-related Slowing of Contractile 517 
Properties Differs between Power-, Endurance- and non-athletes; a Tensiomyographic 518 
Assessment. J Gerontol A Biol Sci Med Sci 1, 2018. 519 
43.  Suetta C, Frandsen U, Mackey AL, Jensen L, Hvid LG, Bayer ML, Petersson SJ, 520 
27 | P a g e  
 
Schrøder HD, Andersen JL, Aagaard P, Schjerling P, Kjaer M. Ageing is 521 
associated with diminished muscle re-growth and myogenic precursor cell expansion 522 
early after immobility-induced atrophy in human skeletal muscle. J Physiol 591: 3789–523 
3804, 2013. 524 
44.  Tous-Fajardo J, Moras G, Rodríguez-Jiménez S, Usach R, Doutres DM, 525 
Maffiuletti NA. Inter-rater reliability of muscle contractile property measurements 526 
using non-invasive tensiomyography. J Electromyogr Kinesiol 20: 761–766, 2010. 527 
45.  Trappe S, Trappe T, Gallagher P, Harber M, Alkner B, Tesch P. Human single 528 
muscle fibre function with 84 day bed-rest and resistance exercise. J Physiol 557: 501–529 
513, 2004. 530 
46.  Wall BT, Dirks ML, van Loon LJC. Skeletal muscle atrophy during short-term 531 
disuse: implications for age-related sarcopenia. Ageing Res Rev 12: 898–906, 2013. 532 
47.  Widrick JJ, Knuth ST, Norenberg KM, Romatowski JG, Bain JL, Riley DA, 533 
Karhanek M, Trappe SW, Trappe TA, Costill DL, Fitts RH. Effect of a 17 day 534 
spaceflight on contractile properties of human soleus muscle fibres. J Physiol : 915–30, 535 
1999. 536 
48.  Widrick JJ, Norenberg KM, Romatowski JG, Blaser C a, Karhanek M, Sherwood 537 
J, Trappe SW, Trappe T a, Costill DL, Fitts RH. Force-velocity-power and force-538 
pCa relationships of human soleus fibers after 17 days of bed rest. J Appl Physiol 85: 539 
1949–1956, 1998. 540 
49.  Widrick JJ, Trappe SW, Romatowski JG, Riley D a, Costill DL, Fitts RH. 541 
Unilateral lower limb suspension does not mimic bed rest or spaceflight effects on 542 
human muscle fiber function. J Appl Physiol 93: 354–60, 2002. 543 
28 | P a g e  
 
50.  Zhou MY, Klitgaard H, Saltin B, Roy RR, Edgerton VR, Gollnick PD. Myosin 544 
heavy chain isoforms of human muscle after short-term spaceflight. J Appl Physiol 78: 545 
1740–1744, 1995. 546 
51.  Zubac D, Šimunič B. Skeletal Muscle Contraction Time and Tone Decrease After 8 547 
Weeks of Plyometric Training. J strength Cond Res 31: 1610–1619, 2017. 548 
  549 
29 | P a g e  
 
Figure 1: Typical tensiomyographic response of the vastus medialis obliquus (left) and biceps 550 
femoris (right) at baseline (solid line) and after 35 days of bed rest (broken line). 551 
  
Tc: contraction time defined as the time from 10% to 90% of the maximal displacement 552 
amplitude (Dm). 553 
  554 
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Figure 2: Changes in A) thickness (d), B) pennation angle (Θ), C) tensiomyographic 555 
displacement (Dm), D) contraction time (Tc) and E) velocity of radial displacement (Vr) during 556 
35 days bed rest and 30 days recovery in the Vastus medialis oblique (VMO), vastus medialis 557 
longus (VML) and biceps femoris (BF). 558 
 559 
Values are means ± SE 560 
  561 
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Figure 3: Pearson correlations between changes in tensiomyographic displacement (Dm) after 562 
35 day bed rest and thickness (A-C) and pennation angle (Θ; D-F) in the vastus medialis 563 
obliquus (VMO), vastus medialis longus (VML) and biceps femoris (BF). 564 
